Abstract-We examined the effects of the vasodilator peptide adrenomedullin (AM) infused intravenously into subjects with essential hypertension. Eight men 39 to 58 years old with uncomplicated hypertension (147/96Ϯ5/3 mm Hg at baseline) were studied in a placebo-controlled, crossover design. Each subject received intravenous AM in a low and a high dose (2.9 and 5.8 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 for 2 hours each) or vehicle-control (Hemaccel) infusion in a random order on day 4 of a controlled metabolic diet (80 mmol/d Na ϩ , 100 mmol/d K ϩ ). Plasma AM reached pathophysiological levels during infusion (18Ϯ4 pmol/L in low dose, 34Ϯ9 pmol/L in high dose) with a concurrent rise in plasma cAMP (ϩ8.4Ϯ1.2 pmol/L, PϽ0.05 compared with control). Compared with control, high-dose AM increased peak heart rate (ϩ17.8Ϯ2.3 bpm, PϽ0.01), lowered systolic (Ϫ24.6Ϯ0.9 mm Hg; PϽ0.01) and diastolic (Ϫ21.9Ϯ1.4 mm Hg; PϽ0.01) blood pressure, and increased cardiac output (ϩ1.0Ϯ0.1 L/min in low dose, ϩ2.9Ϯ0.2 L/min in high dose; PϽ0.01 for both). Despite a rise in plasma renin activity during high dose (PϽ0.05), aldosterone levels did not alter. Plasma norepinephrine levels increased 1295Ϯ222 pmol/L (PϽ0.001) and epinephrine increased 74Ϯ15 pmol/L (PϽ0.05) with high-dose AM compared with control. AM had no significant effect on urine volume and sodium excretion. In subjects with essential hypertension, the intravenous infusion of AM to achieve pathophysiological levels produced significant falls in arterial pressure, increased heart rate and cardiac output, and stimulated the sympathetic system and renin release without concurrent increase in aldosterone. Urinary parameters were unaltered. Although AM has potent hemodynamic and neurohumoral effects in subjects with essential hypertension, the threshold for urinary actions is set higher. (Hypertension. 2000;36:588-593.) Key Words: hypertension, essential Ⅲ adrenomedullin Ⅲ renin Ⅲ nervous system, sympathetic Ⅲ blood pressure Ⅲ cardiac output A drenomedullin (AM) is a 52-amino-acid vasodilator peptide isolated in 1993 from human pheochromocytoma. 1 The AM gene, located on chromosome 11 in humans, 2 is expressed in numerous tissues, 3,4 and the peptide itself appears ubiquitous presumably because high rates of gene transcription and synthesis occur in vascular smooth muscle cells (VSMCs) and endothelial cells. [5] [6] [7] [8] Available studies, although far from being definitive, suggest that AM may contribute to homeostatic responses, at least in sepsis 9 and some cardiovascular disorders. 10 -12 Its potent vasodilator action is well documented 1,13-15 and is likely mediated through NO-and cAMP-dependent mechanisms. 16 AM is present in the central nervous system and may have a role in the modulation of salt appetite, thirst, and sympathetic activity. 16 -18 In some models, AM increases glomerular filtration rate and has a natriuretic action. 16 AM also interacts with other hormones; for example, inhibiting the secretion of aldosterone in the adrenal zona glomerulosa 19 and endothelin-1 in VSMCs. 20 It is possible, but unproved, that AM plays a role in the pathophysiology of hypertension (HT). 21 Indeed, plasma levels of AM are elevated in HT in proportion to the severity of blood pressure (BP) elevation and to the degree of renal impairment 22, 23 and correlate with the degree of cardiac and arterial hypertrophy. 24, 25 Studies in animal models of HT have demonstrated that short-and long-term AM infusion lowers arterial BP, 26,27 as does gene delivery of human AM gene in spontaneously hypertensive rats. 21 AM inhibited hypertrophy of cultured cardiomyocytes in 1 study 28 and increased red cell membrane fluidity in another. 29 Because the effects of AM in human hypertensive subjects are unknown, we studied responses to low-dose, short-term AM administration in subjects with essential HT.
A drenomedullin (AM) is a 52-amino-acid vasodilator peptide isolated in 1993 from human pheochromocytoma. 1 The AM gene, located on chromosome 11 in humans, 2 is expressed in numerous tissues, 3, 4 and the peptide itself appears ubiquitous presumably because high rates of gene transcription and synthesis occur in vascular smooth muscle cells (VSMCs) and endothelial cells. [5] [6] [7] [8] Available studies, although far from being definitive, suggest that AM may contribute to homeostatic responses, at least in sepsis 9 and some cardiovascular disorders. 10 -12 Its potent vasodilator action is well documented 1, [13] [14] [15] and is likely mediated through NO-and cAMP-dependent mechanisms. 16 AM is present in the central nervous system and may have a role in the modulation of salt appetite, thirst, and sympathetic activity. 16 -18 In some models, AM increases glomerular filtration rate and has a natriuretic action. 16 AM also interacts with other hormones; for example, inhibiting the secretion of aldosterone in the adrenal zona glomerulosa 19 and endothelin-1 in VSMCs. 20 It is possible, but unproved, that AM plays a role in the pathophysiology of hypertension (HT). 21 Indeed, plasma levels of AM are elevated in HT in proportion to the severity of blood pressure (BP) elevation and to the degree of renal impairment 22, 23 and correlate with the degree of cardiac and arterial hypertrophy. 24, 25 Studies in animal models of HT have demonstrated that short-and long-term AM infusion lowers arterial BP, 26, 27 as does gene delivery of human AM gene in spontaneously hypertensive rats. 21 AM inhibited hypertrophy of cultured cardiomyocytes in 1 study 28 and increased red cell membrane fluidity in another. 29 Because the effects of AM in human hypertensive subjects are unknown, we studied responses to low-dose, short-term AM administration in subjects with essential HT.
Methods
The protocol was approved by the Canterbury Ethics Committee. Eight male volunteers (38 to 58 years) with uncomplicated essential HT, normal renal function, and no other medical problems were enrolled in this placebo-controlled, crossover design study. Subjects were all taking Ն2 antihypertensive medications. Seven of the 8 were receiving an ACE inhibitor. All medications were stopped 2 weeks before the study and restarted at its completion. Each subject ate a diet with constant sodium (80 mmol/d) and potassium (100 mmol/d) content for 4 days before the infusion of AM or vehicle. On both experimental days, the volunteers ate breakfast at 7:45 AM; completed a 24-hour urine collection at 8 AM for sodium, potassium, and creatinine measurement; and remained seated in an easy chair until 3 PM except when standing to urinate (see later). Subjects received 10 mL/kg distilled H 2 O at 8 AM as a volume load and an additional 200 mL every hour during the study. Venous cannulas were placed in each forearm: 1 for the infusion of AM or vehicle control, and the other for blood sampling. At 9:30 AM, the AM in Hemaccel was infused at 2.9 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 for 120 minutes and then at 5.8 pmol ⅐ kg Ϫ1 ⅐ min Ϫ1 for an additional 120 minutes. Alternatively, vehicle alone (50 mL Hemaccel over 240 minutes) was administered. Subjects were blinded as to which infusion was given: 4 received AM first and 4 received the vehicle. Venous samples were drawn before, during, and after each infusion for measurements of AM, plasma renin activity (PRA), and plasma levels of aldosterone, angiotensin II, norepinephrine and epinephrine, cAMP (commercial kit Biotrak; Amersham), brain natriuretic peptide (BNP), atrial natriuretic peptide (ANP), and cortisol. 30 Venous blood was also taken on 6 occasions for the measurement of plasma prolactin levels (Access analyzer; Beckman Instruments). All samples from an individual were analyzed in a single assay. Intra-assay coefficients of variation were all Ͻ9%. Venous samples were also drawn for measurements of plasma sodium and potassium and for hematocrit determination before and at the completion of low-and high-dose AM and vehicle infusion phases.
On both infusion days, arterial BP and heart rate (HR) were recorded in duplicate at 30-minute intervals with an automatic sphygmomanometer (Electronics Services Limited). On 4 occasions (preinfusion, end of low dose, end of high dose, and completion of study) and after venous sampling, the subjects stood to pass urine for measurements of cAMP, aldosterone, sodium, potassium, and creatinine. Cardiac output was measured with the thoracic impedance method (Minnesota Impedance Cardiograph model 304B; Instrumentation for Medicine Inc).
Human 52-amino-acid AM for infusion was purchased from Clinalfa AG. Results were analyzed with 2-way ANOVA with treatment and time as repeated measures. Where a significant effect was seen in any phase, individual time points were analyzed with an ANOVA method that compared the difference between AM and vehicle control phases in the change from baseline to a given time point. A value of PՅ0.05 was taken to indicate statistical significance. Results are presented as meanϮSEM.
Results
Data collection was complete. Six of the 8 subjects described mild headache and exhibited facial and conjunctival injection during high-dose AM infusion ( Figure 1 ). These effects were readily tolerated and resolved rapidly at the end of infusion. Achieved AM infusate concentrations (mean 811Ϯ108 nmol/L) were Ͼ50% of predicted concentration in 6 of the subjects and Ϸ25% of predicted concentration in the first 2 subjects.
Neurohormonal Effects
Plasma AM levels at baseline were Ͻ10 pmol/L on both infusion days. During vehicle infusion, AM levels remained steady, whereas on the day of peptide infusion, levels increased to 18Ϯ4 and 34Ϯ9 pmol/L at the completion of the 2 infusion rates. AM levels then declined but remained significantly above time-matched vehicle values at 90 minutes after completion of the infusion ( Figure 2 ). Plasma levels of cAMP were unaltered by the lower dose of AM but increased by Ͼ5 pmol/L during the higher infusion rate and then fell toward time-matched control values (Figure 2 ). Plasma BNP levels were similar for the 2 experimental phases. Plasma ANP levels were higher, but not significantly so, during both phases of AM than for the vehicle control ( Figure 2 ). Plasma prolactin levels increased in a dosedependent fashion with AM infusion (PϽ0.05; Figure 2 ).
PRA increased with high-dose AM to 50% greater at peak than the time-matched control levels (PϽ0.05; Figure 3 ). There was a nonsignificant rise in plasma angiotensin II levels during high-dose AM. Plasma aldosterone levels tended to be lower with AM than with vehicle infusion (NS). Cortisol levels were matched during both infusion phases and rose (NS) after completion of the AM infusion. Plasma levels of both norepinephrine and epinephrine exhibited a dosedependent increase with AM (PϽ0.05 and PϽ0.001, respectively) and thereafter declined toward time-matched vehicle levels ( Figure 3 ).
Hemodynamic Effects
Heart rate increased in a dose-dependent manner with AM administration to 18 bpm higher than vehicle control levels at peak dose (PϽ0.01), before declining promptly to timematched vehicle values (Figure 4 ). Mean systolic BP fell by a maximum of 11 mm Hg with low-dose AM (PϽ0.05) and by 24.6 mm Hg with high-dose AM (PϽ0.001). Diastolic BP also exhibited a dose-dependent decline with AM of 9.6 mm Hg during low-dose AM (PϽ0.05) and 21.9 mm Hg during high-dose AM (PϽ0.001; Figure 4) . Cardiac output showed a dose-dependent increase with AM (PϽ0.01), especially during the higher dose but also to a significant degree toward the end of the low-dose infusion (Figure 4) . The peak 
Renal Effects
Urine volume, sodium, and potassium excretions were not significantly different between AM and vehicle infusion days (Table) regardless of whether data were corrected for creatinine excretion. Likewise, change and percent change in urine volume, urine sodium, and urine potassium were not significantly different between experimental days. Plasma sodium, potassium, and creatinine and hematocrit were similar on both experimental days and were not altered by AM (data not shown).
Comparison With Normal Volunteers
In a previous study of normotensive volunteers, we used an identical study design and infused AM at the same rates. 30 Although the normal subjects were younger men (24Ϯ5 versus 46Ϯ6 years; PϽ0.001), plasma AM levels were similar at baseline (6.3Ϯ0.6 versus 5.4Ϯ0.9 pmol/L; Pϭ0.42) and peak (42.4Ϯ7.3 versus 33.8Ϯ9.0 pmol/L; Pϭ0.47).
Compared with normotensive volunteers, hypertensive subjects experienced similar increases in HR and CO but greater falls in systolic and diastolic BP and TPR. The peak difference in systolic BP between active and vehicle control phases was 18.5Ϯ3.0 mm Hg for the hypertensive group compared with 5.1Ϯ2.1 mm Hg for the normotensive group (Pϭ0.003), and the difference for diastolic BP was 19.3Ϯ2.4 versus 7.6Ϯ1.3 mm Hg (Pϭ0.002). The percentage falls in systolic BP (13Ϯ6% versus 4Ϯ6%) and diastolic BP (20Ϯ8% versus 11Ϯ5%) were greater in the hypertensive than the normotensive subjects (Pϭ0.009 and Pϭ0.014, respectively). Calculated TPR was higher at baseline in the HT group (1680Ϯ170 versus 980Ϯ60 dynes ⅐ s Ϫ1 ⅐ cm
Ϫ5
; Pϭ0.02) and fell by a greater amount (1002Ϯ220 versus 580Ϯ100 dynes ⅐ s Ϫ1 ⅐ cm Ϫ5 ; Pϭ0.11). When data from the subjects in each of the 2 studies were combined, there was a close positive relationship between the magnitude of fall in BP with AM infusion and baseline systolic and diastolic BP (rϭϪ0.54, Pϭ0.034 for systolic; rϭϪ0.64, Pϭ007 for diastolic; Figure 5) peak fall in TPR was closely related to baseline TPR (rϭ0.9, Pϭ0.005; Figure 5 ).
Discussion
AM is a potent vasodilator peptide. 1, [13] [14] [15] Studies in animal models indicate that AM induces a significant fall in BP when administered either by infusion or as a bolus. 1, 27 The fall in BP was greater in the spontaneously hypertensive rat than in normotensive animals. 26 Although the exact mechanisms by which AM produces vasodilatation are not defined, there is evidence that it acts indirectly through NO and through cAMP-mediated mechanisms and via the inhibition of angiotensin II and endothelin production. 20, [32] [33] [34] AM in animals also acts in the kidney, relaxing both efferent and afferent glomerular arterioles, increasing glomerular filtration, and inducing natriuresis. 32, 33 In addition, AM may inhibit VSMC and cardiac muscle hypertrophy. 28, 35 To date, no studies have examined the effect of pathophysiological levels of AM in either animal or human models of HT. In the present study, we demonstrate, for the first time, the effects of intravenous AM infusion in human subjects with essential HT. Plasma levels of AM achieved during infusion were within the range seen in acute myocardial infarction, 10 cardiac failure, 12 severe HT, and renal failure. 23 AM administration was accompanied by a significant rise in plasma levels of cAMP during the high dose. Most of our subjects, as with the healthy volunteers in the study of Meeran et al, 36 developed skin flushing during AM infusion, a reflection no doubt of increased skin blood flow. 15 In addition, elevated levels of AM were associated with marked hemodynamic effects, presumably reflecting in part the degree of vasodilatation. We demonstrated significant falls in BP during both low-and high-dose AM infusion. Systolic and 
Urinary Effects of Adrenomedullin Infusion Versus Vehicle Control
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diastolic BP fell below time-matched placebo levels after only 1 hour of low-dose infusion at a time when AM levels were within the low pathophysiological range. The peak fall in both systolic and diastolic BP was close to 20 mm Hg and occurred late in the high-dose infusion phase when plasma levels of both AM and cAMP were at their peak. Notably, however, plasma cAMP levels did not rise until the high-dose AM infusion phase, well after the hemodynamic changes were established. The fall in arterial BP exceeded that seen in identical studies of normal volunteers. 30 The incremental rise in plasma AM was almost identical in both studies, as was the effect on CO and HR; however, the mean fall in BP for subjects in the HT group was greater both in absolute terms and in change as a percent of starting BP. This contrasts with the spontaneously hypertensive rat, which exhibited a greater absolute fall in BP with AM injection than normotensive rats but a similar percent change. 26, 37 When data from the 8 normotensives and 8 hypertensives were combined, the peak fall in BP was related to the mean of starting and finishing diastolic and systolic BP, indicating that the greater falls in BP with increasing BP due to AM may be due to more than just a higher starting BP. 31 TPR was higher at baseline and fell by a greater amount in the hypertensive group, suggesting that AM may have produced a greater degree of vasodilatation than in the normotensive group. More direct measures of endothelial function, blood flow, or vasodilatation are required to confirm this. A greater vasodilatory effect in hypertensive subjects may be due to differences in vasoconstrictor/vasodilator balance or increased arteriolar tone compared with normotensive subjects. AM increased HR, from late in the low-dose infusion period, to a peak 20 bpm higher than during time-matched placebo. CO followed a similar pattern, rising by a maximum of 3 L/min. These effects on HR and CO are similar to those documented in our previous study in normotensive volunteers 30 and likely reflect in part sympathetic activation, presumably in response to the fall in BP. Indeed, plasma norepinephrine and epinephrine levels rose, in a similar temporal profile to HR and CO, at the time arterial BP was declining. Studies in animals have demonstrated that AM can have a central role in sympathetic activation 17, 18 and a powerful direct positive inotropic action. 38 Our study was not designed to examine these specific effects or to measure any possible action of AM on parasympathetic activity. Previous studies have demonstrated interactions between AM and other hormones. In the present study, PRA rose during high-dose AM and was accompanied by a small rise in Ang II, whereas aldosterone levels tended to fall. These results are consistent with previous observations that demonstrate the inhibition of aldosterone secretion within the adrenal gland by AM. 16, 39 The rise in PRA may be secondary to activation of sympathetic innervation to the kidney, 40 the decline in renal perfusion pressure that stimulates the afferent renal arteriole baroreceptor, or to direct stimulation by AM of the juxtaglomerular cells. 41 ANP levels appeared to rise, although not significantly, during AM infusion, perhaps consistent with in vitro studies in which AM increased endothelin-1-stimulated secretion of ANP. 42 Plasma prolactin levels rose with high-dose AM, as previously reported, 36 and peaked after the end of infusion. It is unclear whether this is an effect on pituitary or peripheral production of prolactin or perhaps its clearance. We demonstrated no effect of AM on urinary parameters. Clearly, as in our study of normotensive subjects, 30 the threshold for renal actions of AM is set higher, under the conditions of study, than the hemodynamic and neurohormonal effects.
The present study demonstrates, for the first time, the effects of short-term AM infusion in human hypertensive subjects, showing its powerful vasodilator/hypotensive actions. We confirm the interactions of AM with the renin-angiotensin and sympathetic nervous systems, factors that are involved in the pathophysiology of HT. These findings support the hypothesis that AM may play a pathophysiological role in human hypertension, although longer-term infusions and selective blockade of production or actions of AM are required to clarify this issue.
